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The quantum state of the photon pair generated from type-II spontaneous parametric down- 
conversion pumped by a ultrafast laser pulse exhibits strong decoherence in its polarization entan- 
glement, an effect which can be attributed to the clock effect of the pump pulse or, equivalently, 
to distinguishing spectral information in the two-photon state. Here, we propose novel temporal 
and spectral engineering techniques to eliminate these detrimental decoherence effects. The tem- 
poral engineering of the two-photon wavefunction results in a universal Bell-state synthesizer that 
is independent of the choice of pump source, crystal parameters, wavelengths of the interacting 
photons, and the bandwidth of the spectral filter. In the spectral engineering technique, the dis- 
tinguishing spectral features of the two-photon state are eliminated through modifications to the 
two-photon source. In addition, spectral engineering also provides a means for the generation of 
polarization-entangled states with novel spectral characteristics: the frequency-correlated state and 
the frequency-uncorrelated state. 



I. INTRODUCTION 

Quantum entanglement , once discussed only in the 
context of the foundations of quantum mechanics, is now 
at the heart of the rapidly developing field of quantum 
information science Many researchers are hoping to 
exploit the unique features of the entangled states in or- 
der to surpass the "classical limit" in applications such as 
quantum lithography , the quantum optical gyroscope 
Q, quantum clock synchronization and positioning 
etc. 

A particularly convenient and reliable source of entan- 
gled particles is the process of type-II spontaneous para- 
metric down-conversion (SPDC) |||, ^, ^, |l^, in which 
an incident pump photon is split into two orthogonally 
polarized lower energy daughter photons inside a crystal 
with a x^'^^ nonlinearity. Initially, the photon pairs are 
entangled in energy, time, and momentum due to the en- 
ergy and momentum conservation conditions that govern 
the process. In addition, polarization entanglement may 
be obtained as a result of specific local operations on the 
photon pair ||, H, |l^ . An optical process such as this 
has the advantage that the photons, once generated, in- 
teract rather weakly with the environment, thus making 
it possible to maintain entanglement for relatively long 
periods of time. 

In this paper, we propose and analyze efhcient gener- 
ation schemes for pulsed two-photon polarization entan- 
gled states. Through temporal or spectral engineering 
of the two-photon state produced in the type-II SPDC 
process pumped by a ultrafast laser pulse (ultrafast type- 



II SPDC), it is possible to generate pulsed polarization 
entangled states that are free of any post-selection as- 
sumptions. Pulsed polarization entangled states are an 
essential ingredient in many experiments in quantum op- 
tics. They are useful, for example, as building blocks 
for entangled states of three or more photons [Q. (In 
general, the SPDC process only results in two-photon 
entanglement.) Pulsed two-photon entangled states are 
also useful in practical quantum cryptography systems, 
since the well-known arrival times permit gated detec- 
tion. 

We begin in section II with a discussion of the limi- 
tations of the state-of-the-art techniques for the gener- 
ation of polarization-entangled photon pairs. In section 
[II, we present a universal Bell-state synthesizer, which 
makes use of a novel interferometric method to tempo- 
rally engineer the two-photon wavefunction. We follow 
up in section ^ with an analysis of the spectral proper- 
ties of the two-photon wavefunction produced in ultrafast 
type-II SPDC. We then propose a method for the effi- 
cient generation of pulsed polarization entanglement via 
the spectral engineering of the two-photon wavefunction. 
We also discuss two two-photon polarization entangled 
states with novel spectral characteristics: the frequency- 
correlated state; and the frequency-uncorrelated state. 
Entangled states with such spectral properties might be 
useful for quantum-enhanced positioning and in multi- 
source interference experiments. 



II. TWO-PHOTON ENTANGLEMENT IN 
ULTRAFAST TYPE-II SPDC 
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Let us briefly review one of the standard techniques for 
generating polarization entangled two-photon state via 
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FIG. 1: Typical experimental setup for preparing a Bell-state 
using coUinear type-II SPDC. Here, two out of four possible 
biphoton amplitudes are post-selected by the coincidence cir- 
cuit, see Ref. ^. One can also utilize noncoUinear type-II 
SPDC in which the arnplitude post-selection assumption is 
not necessary, see Ref. 



times can be known within a time interval on the or- 
der of the pump pulse duration. However, it has been 
theoretically and experimentally shown that, in general, 
type-II SPDC suffers the loss of quantum interference if 
the pump is delivered in the form of an ultrafast pulse 

MM- 

We will first briefly review the theoretical treatment of 
the ultrafast type-II SPDC process and discuss the phys- 
ical mechanism of the loss of quantum interference (or 
decoherence) . With this understanding in hand, we then 
discuss in the subsequent sections two methods for elim- 
inating this decoherence through spectral and temporal 
engineering of the two-photon state. 

From first-order perturbation theory, the quantum 
state of type-II SPDC may be expressed as [l^ 



type-II SPDC j|8[ |[ 0. A typical experimental setup is 
shown in Fig. oT A type-II nonlinear crystal is pumped 
with a UV laser beam and the orthogonally polarized 
signal and idler photons, which are in the near infrared, 
travel coUinearly with the pump. After passing through 
a prism sequence to remove the pump, the signal-idler 
photon pair is passed through a quartz delay circuit (e-o 
delay t) before the beamsplitter (BS) splits the SPDC 
beam into two spatial modes. A polarization analyzer 
and a single-photon detector are placed at each output 
port of the beamsplitter for polarization correlation mea- 
surements. In this case, the two quantum mechanical 
amplitudes in which both photons end up at the same 
detector are not registered since only coincidence events 
are considered. That is, a state post-selection has been 
made ||, |[ A noncoUinear type-II SPDC method 
developed later resolved this state post-selection prob- 
lem and is usually regarded as the "standard" method 
for generating polarization entangled photon pairs pO| . 

Both the coUinear and noncoUinear type-II SPDC 
methods work very well for the generation of polariza- 
tion entangled photon pairs when the UV pump laser 
is continuous wave (cw). In this case, however, there is 
no information available regarding the photons' arrival 
times at the detectors. Such timing information can be 
quite useful in certain applications, as discussed in sec- 
tion I. If the UV pump has the form of an ultrafast 
optical pulse (sa 100 fsec), then the photon pair arrival 
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is the Hamiltonian governing the SPDC process. The 
pump electric field, Ep{z,t), is considered classical and 
is assumed to have a Gaussian shape in the direction 
of propagation. The operator Eo {Ee ^) is the nega- 
tive frequency part of the quantized electric field of o- 
polarized (e-polarized) photon inside the crystal. Inte- 
grating over the length of the crystal, L, Eq. (|l|) can be 
written as 
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where C is a constant and A 
ke(LOe)- The pump pulse is described by EpluJe + ^o) — 
exp{— (we + " ^^p)^/o'p}i where Op and Vlp are the 
bandwidth and the central frequency of the pump pulse, 
respectively. 

For the experimental set-up shown in Fig. the elec- 
tric field operators at the detectors are 



e\^^ = -i=y"du;'{cos6'ie-''^'(*i+^'ae(w') -sin6'ie-'''^'*iao(tj')}, 
= -^y"dw'{cos6'2e-"^'(*^+^'ae(a;') +sin6i2e-'''^'*^a„(w')}, 
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where 9i and 62 are the angles of the polarization ana- cidence count rate at the detectors is proportional to 
lyzers Ai and A2 and r is the e-o delay. Here we have 

assumed no spectral filtering before detection. The coin- Rc (x J ^.^i J dt2\{0\E2^'' e[^''\^)\'^ 



j dt+ j dt_\A{t+,t_)\\ (3) 
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FIG. 2: Calculated two-photon wavefunction H{t+,t^) for type-II SPDC. (a) For a cw-pumped case. The two-photon 
wavefunction is independent of t+ and has the rectangular shape in t-. (b) For a 100 fsec pump pulse. It is strongly 
asymmetric, (c) With 5 nm bandwidth spectral filters. The two-photon wavefunction is expanded. 



where t+ = (ti + i2)/2 and <_ = — t2. 



The two-photon amplitude A{t^,t^) has the form 



A{t+ ,t-) ^cos9i sin 6'2n(t+ , i _ 

where 



The parameters I?+ and D are defined to be 
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where, for example, Uo{^o) is the group velocity of o- 
polarized photon of frequency fio in the crystal. 

It is clear from Eqs. (^) and (jj) that the degree of 
quantum interference is directly related to the amount 
of overlap between the two two-photon wavefunctions 
n(f+, t- + r) and n(t_|_, —t- + r). Figure |^ shows cal- 
culated two-photon wavefunctions for type-II SPDC in a 
2 mm Beta-Barium Borate (BBO) crystal with a central 
pump wavelength of 400 nm. The two-photon wavefunc- 
tion for the cw-pumped case is symmetric in t+ and 
As shown in Fig. ||(a), it has a rectangular shape in the 
t_ direction and extends to infinity in the t+ direction. 
In the case of ultrafast type-II SPDC, the two-photon 
wavefunction is strongly asymmetric, see Fig. 1(b). As 
we shall show shortly, this is the origin of loss of quantum 
interference in ultrafast type-II SPDC. 

Having learned the exact shape of the two-photon 
wavefunction 11 (i^, we are now in a position to study 
the overlap of the wavefunctions in Eq. (^. The situa- 
tion is well illustrated in Fig. |^. When r = 0, there 



t) -sin6'iCOs6'2n(i+,-i_ -l-r), (4) 




FIG. 3: Distribution of two-photon amplitude A{t+,t-) for 
Eq. (^. Due to little overlap between H{t+,t- + r) and 
n(t+,— 1_ + r), quantum interference visibility cannot be 
high. In the cw-pumped case, however, 100% quantum in- 
terference should occur, see Fig. |^a), if r is correctly chosen. 

is no overlap at all and hence no quantum interference. 
Increasing t brings the two two-photon wavefunctions 
together and they begin to overlap. This increases the 
indistinguishability of the two wavefunctions, which rep- 
resent the two-photon polarization states \Vi,H2) and 
\Hi,V2). Because the two wavefunctions are symmet- 
ric in cw-pumped type-II SPDC, perfect overlap may be 
achieved with the proper value of r, see Fig. ga). With 
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FIG. 4: Universal Bell-state synthesizer. Non-coUinear type- 
II SPDC is used to prepare an initial polarization state which 
is in a mixed state. QPl and QP2 are thin quartz plates 
with optic axes oriented vertically and HWP is the A/2 plate 
oriented at 45°. 



two-photon amplitudes and in both cases the e-ray (o- 
ray) of the crystal is always detected by Di (D2)- This 
means that, unlike the experiment discussed in the pre- 
vious section, any spectral or temporal differences be- 
tween the o- and e-photons provides no information at 
the detectors that might make it possible to distinguish 
between the two wavefunctions. The two biphoton wave- 
functions, which represent \Hi)\H2) and |14)|V2), are 
therefore quantum mechanically indistinguishable so that 
the state exiting the PBS is 



1 



V2 



{\H,)\H,) + e^^\V,)\V2)) . 



where is the phase between the two terms. This phase 
may be adjusted by tilting the quartz plates QPl and 
QP2. By setting (f ~ 0, the Bell state 



an ultrafast pump, however, the wavefunctions are asym- 
metric and perfect overlap is not possible. The amount of 
relative overlap may be increased in one of two ways: (i) 
by decreasing the thickness of the crystal; or (ii) through 
the use of narrowband spectral filters to expand the two- 
photon wavefunction, see Fig. ||(c). Both methods in- 
crease the relative amount of overlap, which in turn in- 
crease the overall indistinguishability of the system. The 
drawback of these methods, obviously, is the reduced 
number of available entangled photon pairs. 



III. TEMPORAL ENGINEERING OF THE 
TWO-PHOTON STATE 

In this section, we present a method in which com- 
plete overlap of two two-photon wavefunctions may be 
achieved with no change in the spectral properties of 
the photons. Consider the experimental setup shown in 
Fig. ^. A type-II BBO crystal is pumped either by a cw- 
or by a pulsed- pump laser. As in Ref. px[ |, we restrict 
our attention to the photons found in the intersections of 
the cones made by the e- and o-rays exiting the crystal 
[ psf . A A/2 plate rotates the polarization in one arm be- 
fore the two photons are brought together at a polarizing 
beam splitter (PBS). Note that since the two photons al- 
ways have the same polarizations when they reach the 
PBS, they always exit different ports. Thus, the state 
post-selection assumption is not necessary. 

The two Feynman alternatives (reflected-reflected and 
transmitted-transmitted) leading to coincidence detec- 
tion are shown in Fig. pi Note that there are only two 
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is attained. From this state, only simple linear operations 
are needed to transform to any of the other Bell states. 
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FIG. 5: Feynman alternatives for the experimental setup 
shown in Fig. ^ Note that e-ray (o-ray) of the crys- 
tal is always detected by Di {D2) and there are only two 
two-photon alternatives (reflected-reflected and transmitted- 
transmitted). If the path length difference between the two 
arms of the interferometer is zero, the two alternatives (r-r 
and t-t) are indistinguishable in time regardless of the choice 
of the pump source, crystal thickness, and spectral filtering. 

Let us now analyze this interferometer more formally. 
If we assume that the phase difference between the two 
amplitudes (f is set to zero, then the electric field opera- 
tors that reach the detectors may be written as 



= j duj' {cos Ox e 
e'^'^ = / duj' {cos 62 e 



-"'(*i+^)ave(w') - sin^i e-'"'*ia^fe(c^')}, 
-'^'''avo{u:') - sin 02 e-'^^'^'^+^^aHoiuj')}, 
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where, for example, ayo{(jj') is the annihilation operator 
for a photon of frequency oj' with vertical polarization 
which was originally created as the o-ray of the crystal. 



Then the two-photon amplitude A{t^ , f_ ) may be ex- 
pressed as 



A{t+,t-) = cos 6*1 cos6l2n(i+ -)-r/2,t_ +r) +sin6'i sin e'2n(<+ + t/2, i_ - t) 



(6) 



r 




stabilization and, therefore, are not practical ||l6[. Our 
scheme does not suffer this disadvantage. 
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FIG. 6: Temporal engineered two-photon amplitude. This 
figure shows how the two two-photon wavefunctions behave 
as r is introduced, (a) Two two-photon wavefunctions overlap 
completely when t — Q (compare it with Fig. (b) When 
r = 200 fsec, there is almost no overlap. 



In contrast to the amplitude represented by Eq. (|^), 
the two-photon wavefunctions on the right-hand side of 
Eq. overlap completely when r = 0, regardless of 
their shape, see Fig. |6|. Since complete overlap is possi- 
ble for any shape of the two-photon wavefunction, this 
method should work for both cw-pumped and pulse- 
pumped SPDC. As such, this interferometer may be 
considered as a universal Bell-state synthesizer — per- 
fect quantum interference may be observed regardless 
of pump bandwidth, crystal thickness, or SPDC wave- 
length, with no need for spectral filters. 

The typical peak-dip effect may be observed by varying 
the delay r, i.e.. 



Rc 



^eM-DlalT^/2D^) for 6*1=612 



45° 



- i exp(-L>|(7^T727:>^) for 6*1 = -6*2 = 45°. 



Note that the thickness of the crystal L does not appear 
in the above equation and all other experimental parame- 
ters, (7p, and D, only affect the width of the quantum 
interference, not the maximum visibility. Figure ^ shows 
the calculated coincidence rate as a function of the de- 
lay T. It is easy to see that the coincidence rate Rc is a 
monotonically varying function of r, with complete quan- 
tum interference expected at t = 0. This insensitivity to 
small changes in path length difference provides for a sta- 
ble source of high-quality Bell-states. This robustness is 
not found in two-crystal or double-pulse pump type-II 
SPDC schemes, where a small phase change in the inter- 
ferometer results in sinusoidal modulations at the pump 
central wavelength. Such schemes require active phase 
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FIG. 7: Calculated space-time interference pattern as a func- 
tion of delay r in fsec. Upper line is for 9i = 62 = 45° and 
lower line is for 9\ — —62 = 45°. The calculation is done for a 
3 mm thick type-II BBO crystal pumped by a 400 nm pump 
pulse with bandwidth approximately 2 nm. 

In addition, if r 7^ 0, the amplitudes do not overlap 
completely and a more general state is generated: 

P = ePent + (1 - £)Prmx, 

where pent = |$(+') (<i>(+) | and < e < 1. Such par- 
tially entangled states are called Werner states and have 
recently been the subject of experimental studies in the 
cw domain ||l7|| . Our scheme provides an efficient way 
to access a broad range of two-qubit states in both the 
pulsed and cw domains. 



IV. SPECTRAL ENGINEERING OF THE 
TWO-PHOTON STATE 

Using the temporal engineering technique discussed in 
the preceding section, it is possible to generate polariza- 
tion entangled states with either cw or pulsed pumping 
schemes. It should be pointed out that neither the asym- 
metry of the two-photon wavefunction nor the spectral 
properties of the photon pairs are affected by this tech- 
nique. In this section, we are interested in removing the 
asymmetry shown in Fig. H(b) through a careful choice 
of wavelengths of photons involved in the interaction. 
In this way, it is possible to obtain pulsed polarization- 
entangled photon pairs directly. 
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FIG. 8: Spectrally engineered two-nhoton wavefunction. 
Note that the asymmetry shown in Fig. H(b) has disappeared. 
See text for details. 
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FIG. 9: D+ (lower) and D (upper), shown in units of 1/c, 
for a type-II BBO crystal. Note that D+ = at the pump 
wavelength of 757 nm. The two-photon wavefunction is sym- 
metrized at this wavelength, see Fig. 



Recall that the source of poor wavefunction overlap in 
ultrafast type-II SPDC is the asymmetry introduced by 
a coupling between t+ and i_ in the two-photon wave- 
function given in Eq. (0) . The approach here is to remove 
the coupling term so that the two-photon wavefunction 
becomes symmetric, as originally proposed by Keller and 
Rubin [h3| . An example of such a wavefunction is shown 
in Fig. Note that it has a rectangular shape in t_ 
(just as in cw-pumped type-II SPDC) and has a Gaus- 
sian shape in due to the Gaussian pulse envelope. It is 
not difficult to see that two-photon wavefunctions of this 
type may be completely overlapped, thus yielding full 
quantum interference. Therefore, pulsed polarization- 
entangled photon pairs may be generated using the well- 
known techniques described in Ref. It is also 
expected that a triangular shaped correlation function, 
which has been observed in cw-pumping SPDC, should 
be observed in ultrafast type-II SPDC, as well. 

Referring to Eq. (||) , it is clear that if D+ /D is made 
to vanish, then n(t+,i_) becomes symmetric. Figure ^ 
shows the value of and D for a type-II BBO crystal 
as a function of pump pulse central wavelength. Note 
that D+ — when the central wavelength of the pump 
pulse is 757 nm. The two-photon wavefunction for this 
case is shown in Fig. || for a crystal thickness of 2 mm 
and a pump bandwidth of 8 nm. 

In this example, this approach has an additional ad- 
vantage: the entangled photon pairs are emitted with 
central wavelengths of 1514 nm, which is within the stan- 
dard fiber communication band. Such pulsed entangled 
photons at communication wavelengths may be useful 
for building practical quantum key distribution systems 
using commercially installed optical fibers. At this wave- 
length, of course, single photon detection is more prob- 
lematic. However, the recent development of single pho- 
ton counting techniques using InGaAs avalanche photo- 
diodes may soon provide good single photon counters at 
this wavelength [ p!9| . 

We have shown that by making the I?+ term vanish 
through a careful choice of the pump wavelength, an ini- 



tially asymmetric two-photon wavefunction can be made 
symmetric. Since the temporal and spectral properties 
of the photons are related by simple Fourier Transforms, 
it should come as no surprise that = leads to a 
spectrally symmetric state, as well. 

The spectral properties of the two-photon state from 
ultrafast type-II SPDC are best illustrated in plots of 
the two-photon joint spectrum, which can be regarded 
as a probability distribution for the photon frequencies. 
Recall that the two-photon state given in Eq. (||) 
contains the phase mismatch term sinc(AL/2) and the 
pump envelope term £p{uJe + ^o)- The joint spectrum 
function is simply the square modulus of the product of 
these two terms: 

S{LUe,LUo) = |sinc(AL/2)6'p(We +UJo)\'^. 

The joint spectrum function for a typical ultrafast 
type-II SPDC configuration (type-II BBO pumped with 
an ultrafast UV pulse) is shown in Fig. |l^(a). Here we 
have assumed L = 2 mm, the pump wavelength is 400 
nm, the pump bandwidth is 2 nm, and the SPDC wave- 
length is 800 nm. Note that the joint spectrum function 
is asymmetric: the frequency range of the idler photon 
is much larger than that of the signal. The joint spec- 
trum becomes symmetric, however, when D-i- = 0, as 
shown in Fig. |o|(b). Note that the signal and the idler 
photons have identical spectra. Thus, the photon pair is 
distinguishable only in the polarizations of the photons, 
as required for a polarization entangled state. 

The spectral properties of the photon pairs repre- 
sented in Fig. |l^(b) display the tendency of frequency- 
anticorrelation in the sense that a positive detuning for 
one photon is accompanied by a negative detuning for the 
other. This effect follows from the energy conservation 
condition that constrains the SPDC process. In ultra- 
fast type-II SPDC, the anticorrelation is not as strong as 
in the cw-pumped case due to the broad bandwidth of 
the pump pulse. However, the general tendency of anti- 
correlation, LUs = ujp/2 ± uj and tOi = ujp/2 =p lu where 
u! is the detuning frequency, is clearly visible in Fig. Uu. 
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FIG. 10: Calculated joint spectrum showing frequency- 
anticorrelation between the signal and the idler photons, (a) 
Typical frequency-anticorrelated state with asymmetric joint 
spectrum. Pump central wavelength is 400 nm. (b) The 
asymmetry has now disappeared. The pump central wave- 
length is 757 nm and the bandwidth is 8 nm. 
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FIG. 11: (a) Calculated joint spectrum showing frequency- 
correlated two-photon state. The pump bandwidth is 20 nm 
and the crystal is 12 mm thick type II BBO. (b) Frequency- 
uncorrelated state. The pump bandwidth is 10 nm and the 
crystal is 5 mm thick type-II BBO. The pump central wave- 
length is 757 nm for both cases to ensure D+ = is satisfied. 



This frequency-anticorrelation, however, is not a required 
feature of the two-photon state. In ultrafast type-II 
SPDC, two-photon states with novel spectral character- 
istics — the frequency-correlated state and the frequency- 
uncorrelated state — may be generated through appro- 
priate choices of the parameters that affect the joint spec- 
trum. 

The idea behind two-photon states with novel spectral 
characteristics is not new. The output characteristics of 
a beamsplitter and a Mach-Zehnder interferometer for 
frequency-correlated and frequency-uncorrelated photon 
pairs are theoretically studied in Ref. |^ with no discus- 
sion of how such states might be generated. Frequency- 
correlated states are also studied in Ref. ||2^, but the 
discussions are limited to the generation of frequency- 
correlated states using quasi-phase matching in a peri- 
odically poled crystal. Here, we discuss how frequency- 
correlated states and frequency-uncorrelated states may 
be generated via appropriate spectral engineering of the 
two-photon state in ordinary bulk crystals. Since our 
main focus is polarization entangled photon pairs with 
novel spectral characteristics, we restrict our attention 
to the case in which the two-photon joint spectrum is 
symmetric, i.e., i?+ = 0. 

Frequency-correlated state generation via the SPDC 
process is somewhat counter-intuitive since conservation 
of energy requires the frequencies of the photon pair to 
sum to the frequency of the pump photon. This require- 
ment imposes a strong constraint in cw-pumpcd SPDC, 
where the pump the pump field is monochromatic. In 
ultrafast SPDC, however, the pump field has a band- 
width of several terahertz frequency (several nanometers 
in wavelength) and so the frequencies of the photon pair 
need only sum to some value within the range of pump 
frequencies. This extra freedom makes it possible to gen- 
erate the frequency-correlated state. 

Examination of the joint spectrum function S{uJs,uJi) 
suggests that if the bandwidth of the pump envelope 



£p{uJs + i^i) is large enough and if the parameters are 
chosen such that the sin(AL/2) may be approximated 
by the delta function 5{ijJs — uJi), then the two-photon 
state becomes 

H)^C J dLj£p{2ij)al{Lj)al{Lj)\0), (7) 

where C is a constant. Eq. (0) shows the signature 
of the frequency-correlated state: lUs = LUp/2 ± lo and 
LUi = ujp/2 zL uj. Figure |ll|(a) shows the calculated 
joint spectrum function for the frequency-correlated two- 
photon state. In this example, the pump central wave- 
length was set to 757 nm in order to satisfy the condi- 
tion = 0, i.e., to assure direct generation of polar- 
ization entangled photon pairs. This also has the effect 
of properly aligning the sinc(AL/2) function. The only 
other requirement is that this function should be nar- 
row enough that it may be approximated as (5(ws — i^i)- 
This is achieved by increasing the value of L, the crys- 
tal thickness, since the width of the sine function is in- 
versely proportional to the crystal length. In Fig. p](a), 
it is assumed that a 12 mm thick type-II BBO crystal is 
pumped by a 20 nm bandwidth ultrafast pulse centered 
at 757 nm and that, at zero detuning, the wavelengths 
of the SPDC photons are 1514 nm. The structure of 
frequency-correlation is clearly illustrated: as the signal 
detuning increases, the idler detuning is also increased. 
Such frequency-correlated states have been shown to be 
useful for certain quantum metrology applications Q . 

By slightly modifying the condition for the generation 
of the frequency-correlated state, it is possible to gen- 
erate the frequency-uncorrelated state. By frequency- 
uncorrelated state, we mean that the frequencies of the 
two photons are uncorrelated, in the sense that the range 
of the available frequencies for a particular photon is com- 
pletely independent of the frequency of its conjugate. As 
far as the photons are concerned, this means that the 
spectral properties of one photon are in no way correlated 
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with the spectral properties of the other. The joint spec- 
trum of such a state is shown in Fig. |l^(b) where the joint 
spectrum function is calculated for type-II SPDC in a 5- 
mm thick BBO crystal pumped by a 10 nm bandwidth 
ultrafast pump centered at 757 nm. Again, the pump 
pulse central wavelength is set to 757 nm to ensure sym- 
metry in the joint spectrum. The more general case is 
discussed in Ref. where it is also shown that such 
states are essential in experiments involving interference 
between photons from different SPDC sources. 

V. SUMMARY 

The generation of polarization entangled states re- 
quires the coherent superposition of two two-photon 
wavef unctions. An additional requirement is that the 
two wavefunctions must be identical in all respects ex- 
cept polarization. This is not the case, in general, when 
the photon pairs originate in a type-II SPDC process, 
although only a simple delay is required when the pro- 
cess is pumped by a cw laser. When an ultrafast pump- 
ing scheme is employed, however, these techniques typi- 
cally do not result in the complete restoration of quan- 
tum interference. Some improvement is seen with (i) thin 
nonlinear crystals and/or (ii) narrow spectral filters be- 
fore the detectors. Unfortunately, both of these tech- 
niques result in greatly reduced count rates. By engi- 
neering the two-photon state of ultrafast type-II SPDC 
in time or in frequency, it is possible to recover the quan- 
tum interference without discarding any photon pairs. In 
addition, spectral engineering holds the promise of two- 
photon states with novel spectral properties which have 
not been available previously. 

The temporal engineering of the two-photon state is 
accomplished through a novel interferometric technique 
which changes the temporal distribution of the two- 
photon amplitude A(t+,t-), which is comprised of two 
two-photon wavefunctions ll{t+,t^). The shapes of the 
wavefunctions are not altered in this process — only the 
way in which they overlap in A{t^, The temporally 
engineered source does not suffer the loss of quantum in- 
terference common in ultrafast type-II SPDC and the in- 



terferometer can be viewed as a universal Bell-state syn- 
thesizer since the quantum interference is independent of 
the crystal properties, the bandwidth of spectral filters, 
the bandwidth of the pump laser, and the wavelengths. 

A different approach is taken in the spectral engineer- 
ing technique. Here, the asymmetric two-photon wave- 
function n(t+,t_) from ultrafast type-II SPDC is sym- 
metrized through careful control of the crystal and pump 
properties. Such spectrally engineered two-photon states 
exhibit complete quantum interference with no need for 
auxiliary interferometric techniques. The spectral engi- 
neering techniques may also be employed in the genera- 
tion of two-photon states with novel spectral characteris- 
tics: the frequency-correlated state and the frequency- 
uncorrelated state. Unlike typical two-photon states 
from the SPDC process, which exhibit strong frequency- 
anticorrelation, the frequency-correlated state is charac- 
terized by a strong positive frequency correlation, while 
the frequencies of the two photons are completely uncor- 
related in the frequency-uncorrelated state. 

The temporal and spectral engineering techniques 
studied in this paper are expected play an important role 
in generating the pulsed entangled photon pairs essential 
in applications such as practical quantum cryptography, 
multi-photon entangled state generation, multi-photon 
interference experiments, etc. Since temporal engineer- 
ing allows one to control the decoherence in a stable way, 
it also facilitates the study of the effects of decoherence 
in entangled multi-qubit systems. In addition, frequency- 
correlated discussed in this paper may be useful for cer- 
tain quantum metrology applications. 
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